Abstract: Products of reductive and non-reductive methylation of two high-sulphur coals (Mequinenza and Illinois No. 6) have been extracted by dichloromethane. It has been established that the e¯ciency of the transformation of coal to the products soluble in CH 2 Cl 2 is higher for coals subjected to non-reductive methylation by the Liotta method than for those after reduction in the potassium=liquid ammonia system. The extracts and the extraction residues were subjected to elemental analysis, IR spectroscopy, and AP-TPR (Atmospheric PressureTemperature Programmed Reduction) measurements. It has been shown that the main species undergoing extraction by CH 2 Cl 2 are aliphatic compounds or aromatic structures of low degree of condensation. The e¬ect of the extraction on the sulphur groups in coal has been discussed.
Introduction
Coal modi¯cation by reductive and non-reductive alkylation leads to increased solubility of the products in typical organic solvents [1] . This increase is particularly high, reaching over 90%, after multistage alkylation [2] . For this reason, the extracts from alkylated coals are interesting for structural studies of coal [3] .
A few methods of coal alkylation in the reducing system have been proposed. Many authors have been interested in reductive alkylation in such reaction systems as the Sternberg system (alkali metal /THF/naphthalene) [4] , alkali metal/glymes [5] , alkali metal/boiling THF [6] , alkali metal/HMPA [7] , or the Lazarov system [8] . From among these methods, particularly interesting seems that of reductive alkylation in the potassium/liquid ammonia system, which apart from high transformation of coal to soluble products [9] ensures high purity of the alkylates formed [10] .
Less attention has been devoted to the processes of coal alkylation in non-reductive systems. A typical process representing this group is the Liotta reaction in which coal is reacted¯rst with tetrabutylammonium hydroxide and then with an alkylating agent [11] . The e®ect of non-reductive coal alkylation can be also achieved in the Friedel-Crafts reaction [12] , by subjecting coal to dimethyl sulphate [13] or to an alkali metal amide in liquid ammonia [14] . Unfortunately, some experimental data indicate that the last process can lead to degradation of the coal structure [1] .
Characterisation of the extracts obtained from alkylated coals has been a subject of interest to many authors [15] - [17] , yet only a few papers have been concerned with the extracts from high-sulphur coals [10] . Sulphur contained in coal has an adverse e®ect on the course of many technological processes involving coal and on the natural environment. Therefore, the recognition of sulphur compounds occurring in coal (including also the extractable sulphur species) is of great signi¯cance.
Results of our earlier work on alkylation of high-sulphur coals have shown that the AP-TPR (Atmospheric Pressure -Temperature Programmed Reduction) analysis of coals preceded by reductive or non-reductive coal alkylation brings much more information about sulphur forms present than that of unmodi¯ed coals [18] . We have also established that Mequinenza coal contains aryl thiols and does not contain alkyl thiols. In contrast to Mequinenza coal, Illinois No. 6 revealed the presence of alkyl thiols accompanied by no signi¯cant amount of aryl thiols [18] . The study reported in this paper was aimed at characterising the products of CH 2 Cl 2 extraction of alkylated high-sulphur coals.
Experimental

The Samples
The study was performed for two high-sulphur coals: Mequinenza from Spain and Illinois No. 6 from the USA. The samples were ground in the argon atmosphere and sieved to the grain size of µ 0.06 mm. Samples of raw coal were subjected to demineralisation by the method of Radmacher and Mohrhauer, using hydrochloric and hydro°uoric acids [19] . After washing with warm distilled water and drying, the demineralised samples were stored in a vacuum. The process of reductive alkylation of demineralised coal samples was carried out in the potassium/liquid ammonia system, while the non-reductive alkylation was performed by the Liotta method. The alkylating agent in both reactions was iodomethane. The experimental details of alkylation and the detailed characterisation of the coals studied are given in our earlier work [18] . The methylated coals were extracted with dichloromethane in a Soxhlet apparatus for 48 hours, then the solvent was vacuum evaporated. Both the extracts and the extraction residues were then vacuum dried at 60 ± C to a constant mass. The yield of the extraction and average molecular weight of extracts are given in Table 1 , while the results of elemental analysis of the extracts and extraction residues are presented in Tables 2 and 3 .
Analytical procedures
The elemental analysis was performed using an Elementar Vario EL III instrument.The total sulphur content was determined by the high-temperature combustion in oxygen, according to the standard [20] . Infrared spectra were recorded on a Bruker IFS 113v spectrophotometer using a mixture of 2 mg sample and 200 mg KBr pressed into the pellets (CH 2 Cl 2 residues) or by¯lm technique (CH 2 Cl 2 extracts). The spectra obtained are presented on transmittance scale (Figs. 1-4) . The AP-TPR analysis was performed according to the procedure described earlier [21] . Portions of 40 mg of the samples studied were mixed with 60 mg of fumed silica and placed in a quartz reactor heated from room temperature to 1000 ± C at a linear temperature increase of 5 ± C/min. Hydrogen gas was blown through the sample in the reactor at a rate 50 cm 3 /min. The H 2 S forming at a given temperature was dissolved in an appropriate basic bu®er and determined by a S 
Results and discussion
The methylation of Mequinenza and Illinois No. 6 coals leads to an increase in the solubility of the products obtained in dichloromethane (Table 1 ). This increase is greater as a result of methylation by the Liotta method than as a result of the process performed in the potassium/liquid ammonia system. This is understandable in view of the fact that both types of coal studied are characterised by low degree of coali¯cation [22] . It should be remembered that the reaction in the potassium/liquid ammonia system is the most e®ective for coals of moderate coali¯cation [9] , while the e®ectiveness of the Liotta reaction is the greatest for young coal with a high content of hydroxyl groups susceptible to O-alkylation. For this reason, the relationship for coking coals is the reverse, i.e. the reaction in the potassium/liquid ammonia system leads to a more e®ective transformation of coal to the soluble products than the Liotta reaction [13] . Analysis of the elemental composition of the extracts obtained from the coal samples extracted with dichloromethane (Table 2 ) and the extraction residues (Table 3) shows that the atomic ratio H/C in the extracts is higher than that in the residues. This implies that the extract contains mainly these components of coal, which are characterised by high content of aliphatic groups or aromatic groups of low degree of condensation. The sum of contents of sulphur and oxygen is in most cases greater in the extraction residues than in the extracts, which means that the systems containing oxygen or sulphur are poorly extracted by CH 2 Cl 2 and remain largely in the residues. This observation is con¯rmed by the results of direct determination of the total sulphur in the samples studied ( Table 4 ). The data of Table 4 also show that all samples of Mequinenza are characterised by much higher content of sulphur than those of Illinois No. 6.
The content of nitrogen is higher in the methylated samples than in the initial samples (Table 2 and 3 ). This relation is notable for both types of coal (both for the extracts as well as for extraction residues), and it suggests the presence of some amounts of alkylammonium iodides in the samples studied. Such compounds are formed during the Liotta reaction [11] and during the coal alkylation in the potassium/liquid ammonia system [9] .
The products of extraction with dichloromethane have been subjected to IR analysis. As follows from the data presented in Figs. 1-4 , none of the spectra shows clear bands in the range 2400-2800 cm ¡1 , which means that the contamination of samples with alkylammonium iodides is minimal [9, 23] . High intensity of the band at 3000-2700 cm ¡1 in the spectra of the Mequinenza coal extracts proves a high contribution of the aliphatic components in these samples (Fig. 1) , which is consistent with the earlier discussed analytical data (high H/C ratio). Comparison of the ratio of intensities of the aliphatic bands (3000-2700, 1450, 1375 cm ¡1 ) to aromatic bands (3100-3000, 1600 cm ¡1 ) for the initial and methylated samples suggests that, as a result of methylation, the contribution of aromatic components in the extracts has increased. It is interpreted as a consequence of increased solubility in CH 2 Cl 2 , which means that a great amount of macromolecular aromatic coal components is present in the solution. Analysis of the characteristic band 1000-700 cm ¡1 (bending out-of-plane vibrations of the aromatic C-H bonds) shows that the signal at 750 cm ¡1 has the highest intensity in this band. This observation means that the aromatic part of the extracts studied contains a signi¯cant contribution of aromatic rings with four neighbouring hydrogen atoms, which indicates the presence of aromatic systems of low degree of condensation. The greatest amount of the systems of this type is observed in the extract from the sample methylated in the potassium/liquid ammonia system ( Fig. 1) , which should be related to the reductive character of the process conducted in this reaction system. The solubility of coals in typical organic solvents depends on the so-called secondary coal structure, whose most important component is the network of hydrogen bonds [24] . As a result of both reductive and non-reductive alkylation, the hydroxyl groups are Oalkylated, which weakens the hydrogen bonds and leads to increased solubility. As follows from a comparison of the intensities of the bands 3800-3200 cm ¡1 in the IR spectra of the extracts studied (Fig. 1) , the sample methylated by the Liotta method is characterised by the lowest content of hydroxyl groups, which explains its greatest solubility in CH 2 Cl 2 ( Table 1 ). The spectra also show an intense band at about 1700 cm ¡1 assigned to the carbonyl groups. This band comes mainly from esters and carboxylic acids. As a result of methylation by the Liotta method, the maximum of this peak is slightly shifted towards higher wavenumbers, which is interpreted as a consequence of the transformation of carboxylic acids into their methyl esters, giving signals at higher wavenumbers [11, 25] . Such a shift is not observed for the sample methylated in the potassium/liquid ammonia system, as the esters formed are transformed mainly to primary alcohols [26] .
The IR spectra of the Illinois No. 6 coal extracts (Fig. 2) are generally similar to those obtained for the extracts of Mequinenza coal, but with a few signi¯cant di®erences. The extracts of Illinois No.6 coal contain less carbonyl groups than those of Mequinenza coal (the band at 1700 cm ¡1 ), which is a result of a higher degree of coali¯cation of the former. Similarly, as in the Mequinenza coal extracts spectra, in the spectrum of the Illinois No. 6 sample methylated by the Liotta method, the band at ¹ 1700 cm ¡1 is shifted towards higher wavenumbers, which indicates the formation of esters. Analysis of the intensity ratio of the aromatic and aliphatic bands also proves a great contribution of aliphatic components in the extracts studied. . In all spectra, the intensity of the band at 3000-2700 cm ¡1 is lower and the ratio of intensities of the aliphatic to aromatic bands is also lower than in the spectra of the corresponding extracts. This observation implies that the content of aromatic groups is higher in the extraction residues than in the extracts, which is consistent with the data discussed previously (H/C ratio). Similarly as for the extracts, the contribution of carbonyl groups is higher in the extraction residues from Mequinenza coal. The samples of the two types of coal methylated by the Liotta method show the presence of methyl esters (the above-discussed shift of the band at ¹ 1700 cm ¡1 ). A comparison of the intensities of the band 3800-3200 cm ¡1 in the spectra of individual samples indicates that the samples methylated by the Liotta method are characterised by the highest degree of alkylation of hydroxyl groups, which considerably a®ects the yield of extraction with dichloromethane ( Table 1) . None of the spectra analysed reveal clear bands that could be assigned to sulphur groups. Therefore, the products of coal extraction with CH 2 Cl 2 were subjected to the AP-TPR analysis. The values of the sulphur recovery for particular samples are given in Table 4 . The highest values of sulphur recovery were obtained for methylated coals, while recoveries for the extracts and the extraction residues were signi¯cantly lower. Moreover, the values of sulphur recovery for the samples methylated in the potassium/liquid ammonia system are lower than for the samples obtained by the Liotta method. This relationship is well seen for both types of coals investigated including the samples of methylated coals, their extracts, and the extraction residues. It can be hypothesized that the low values of sulphur recovery for the samples methylated in the potassium/liquid ammonia system are a consequence of the coal structure fragmentation taking place under the effect of potassium in liquid ammonia. The coal fragments formed are more volatile and undergo evaporation during the AP-TPR measurement before they can be reduced to H 2 S, and thus are not recorded by the potentiometric detection system. In the reaction of methylation by the Liotta method, the fragmentation of the coal structure does not take place and therefore the sulphur recovery in these samples is higher than that in the samples methylated in the potassium/liquid ammonia system. The lower values of sulphur recovery for the extracts than for the extract residues can also be explained by evaporation of more volatile components (Table 4) .
All AP-TPR kinetograms presented in Figs. 5-8 reveal two main broad peaks. Thē rst peak has a maximum in the range 420-470 ± C, and on the basis of the study on model compounds, can be assigned to the overlapping signals originating from non-thiophene sulphur. The broad peak with a maximum at about 700 ± C corresponds to the thiophene sulphur species [22, 27, 28] . The signals in the AP-TPR kinetograms of the CH 2 Cl 2 extracts and the extraction residues of Mequinenza methylated by the Liotta method have lower intensity than the corresponding signals of the methylated coal (Fig. 5) . It is a consequence of a low sulphur recovery for these samples, while in the case of the extract also a lower sulphur content than in the coal sample (Table 4) contributes to the lower peak intensities. Further analysis of the kinetograms shown in Fig. 5 leads to a conclusion that the kinetogram of the methylated coal is only slightly di®erent from that of the extraction residue, apart from the above-discussed di®erences in the signal intensities. Greater di®erences are observed in the kinetogram of the CH 2 Cl 2 extract in which the maximum of the peak assigned to non-thiophene sulphur species appears at higher temperature than in the kinetogram of the methylated coal. In the kinetogram of the corresponding residue, the maximum for non-thiophenes is shifted towards lower temperature. This means that from the mixture of all non-tiophene sulphur species, present in methylated coal, mainly those are extracted with dichloromethane which give signals in AP-TPR kinetograms at higher temperatures. Therefore the post-extraction residue contains mostly non-thiphene compounds which give AP-TPR signal at a lower temperature. Such compounds in the extracts found in the higher temperature range can be aryl-alkyl sulphides (the signal in the range 440-550 ± C) or diaryl sulphides (the signals in the range 500-630 ± C) [22] . The group of compounds left in the residue and found in the lower temperature range can include disulphides (400-450 ± C) or dialkyl sulphides (380-475 ± C) [22] . Thiols do not occur in the samples studied as, on methylation by the Liotta method they were transformed into the corresponding methyl sulphides [18] . Analysis of the signal assigned to the thiophene groups (broad band at ¹ 700 ± C)
shows that mainly these tiophenes are extracted with dichloromethane which undergo hydrogenation at a lower temperature during AP-TPR measurements. That is why the extraction residues become richer in the thiophene structures more resistant to reduction (a shift of the peak maximum towards higher temperature on its kinetogram is observed (Fig. 5)) . Kinetograms of the Mequinenza coal samples methylated in the potassium/liquid ammonia system are presented in Fig. 6 . Similarly, as for the samples methylated by the Liotta method, the kinetogram of the extract obtained with CH 2 Cl 2 reveals that the maximum of the peak assigned to non-thiophene groups is shifted towards higher temperatures, while the maximum of the peak assigned to the thiophene structures is shifted towards lower temperatures. This indicates an increased contribution of aryl-alkyl sulphides and thiophenes of low AP-TPR hydrogenation temperature in the extract. The presence of diaryl sulphides in the samples studied should be excluded, as in the potassium/liquid ammonia system they are converted into the appropriate methyl sulphides [18] . The kinetogram of the extraction residue is similar to that of methylated coal, which can be a consequence of similar content of sulphur in both samples and close values of sulphur recovery (Table 4) . Because the yield of extraction by CH 2 Cl 2 is lower in this case than for the coal methylated by the Liotta method (Table 1 ), the shifts of the peak maxima in the kinetogram of the extraction residue are not so pronounced.
The characteristic changes in the kinetograms of samples methylated by the Liotta method (Fig. 7) or in the potassium/liquid ammonia system (Fig. 8) are similar for Illinois No. 6 and Mequinenza coal. For the sample of Illinois No. 6 coal methylated by the Liotta method (high yield of extraction with dichloromethane) some di®erences in the intensity of the signals of the coal and the extraction residues are observed. For the Illinois No.6 sample modi¯ed in the potassium/liquid ammonia system (low extraction yield), the di®erences are undetectable. Similarly, as for Mequinenza extracts, the kinetograms of the Illinois No. 6 extracts reveal the shifts of the peak maxima assigned to the thiophene and non-thiphene groups, which means that the extracts have been enriched into the above-postulated sulphur structures. The shifts are well seen in the kinetogram of the sample methylated by the Liotta method, as well as in that of the sample methylated in the potassium/liquid ammonia system.
Conclusions
The results of the study have shown that the extracts of coals methylated both in the reductive and non-reductive systems contain mainly the components of the coal substance characterised by high content of aliphatic groups or aromatic groups of low degree of condensation. The components containing oxygen and sulphur mainly remain in the extraction residue. The results of AP-TPR analysis suggest that the extraction of the coal methylated by the Liotta method with CH 2 Cl 2 leads mainly to the washing out of the components containing aryl-alkyl sulphides or diaryl sulphides, whereas the compounds such as disulphides or dialkyl sulphides tend to be left in the extraction residues. The CH 2 Cl 2 extracts are also richer in such thiophene structures, which during AP-TPR measurements undergo hydrogenation in low temperatures. Table 4 Total content of sulphur in methylated coals, their CH 2 Cl 2 extracts and residues and sulphur recovery by AP-TPR method.
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